Abstract: Speckle is an important phenomenon in various applications. It can be quantified by speckle contrast. However, at present, the influence of the phase relations among the various wavelengths on speckle contrast is rarely analyzed theoretically. Herein, a thorough method for numerically simulating the speckle pattern is presented to considering the impact of relative phase relations among wavelengths on speckle contrast. This method contains spectral shape, spectral width, and phase relations. In addition, a superluminescent pulse amplifier (SPA) with 6.5-nm bandwidth and a mode-locked laser (MLL) with 21-nm bandwidth are established to conduct the verification experiment. The experimental results show that the SPA light attains lower speckle contrast even with a narrower bandwidth than the MLL light. It is manifested that relative phase relations among wavelengths has significant effect on speckle contrast, and chaotic phase relations could be more advantageous for reducing speckle than just a broad spectrum. The simulation results agree well with experimental results. Therefore, this thorough method could provide a reliable approach to describe the characteristics of speckle pattern caused by broadband light carrying phase information. Considering the speckle contrast is positively proportional to optical coherence, this method could also be used to analyze the coherence of partially coherent light.
Introduction
With the advent of high-coherence lasers, the speckle phenomenon is observed in coherent imaging modality. Sometimes this is a desired phenomenon, e.g., in laser speckle imaging (LSI), since it provides access to physiological processes in vivo with excellent temporal and spatial resolution [1] , [2] . Over the years a variety of algorithms have been developed for simulating laser speckle in LSI [3] , [4] , and the research on coherent laser speckle has almost matured. However, speckle phenomenon could also be a crucial problem that seriously impairs the image quality of laser based displays [5] , [6] . Since the speckle is generated due to the high coherence of laser, one of the method to eliminate the speckle is to reduce the coherence of the light source, such as using partially coherence light source [7] , [8] . The speckle pattern can be quantified by the speckle contrast, which is quite important in the analysis of speckle patterns. At present, in the spectrum domain, the theoretical studies of speckle contrast are mainly limited to discuss the influence of spectral bandwidth [9] - [13] . Equation (1) shows the most commonly used formula for calculating the speckle contrast under Gaussian-shape spectrum [11] C = 1/4 1 + 8π 2 λ λ
where σ h is the standard deviation of the rough surface height fluctuates from the Gaussian distribution, λ is the central wavelength, and λ is the spectral width. It is shown that speckle contrast C is negatively correlated with the spectral width and positively correlated with the central wavelength and the standard deviation. In Eq.
(1), we could replace the Gaussian-shape spectrum with the actual measured spectrum to get a more accurate result. However, even Eq. (1) amended with the measured spectrum shape is not accurate enough for a broadband partially light if the relative phase relations under different wavelengths is not considered. Therefore, an improved method combined spectral shape for speckle contrast simulation is in need.
In this paper, we propose a thorough method to numerically simulate three-dimensional (3-D) speckle pattern. The relative phase relations under different wavelengths as well as spectral width and shape are considered in our method. Statistical results include speckle contrast could be attained directly from the simulated speckle pattern. Moreover, we use a superluminescent pulse amplifier (SPA) with 6.5-nm bandwidth at center wavelength of 1064 nm and a mode-locked fiber laser with 21-nm bandwidth at 1030 nm to conduct verification experiments. The relative phase relations among the wavelengths of the mode-locked laser (MLL) are locked. The SPA source is constructed by a superluminescent diode (SLD) seed with nonlongitudinal mode structure and cascaded fiber amplifiers. And the phase relations under different wavelengths in its spectral range is chaotic. It is found that although the bandwidth of the MLL source is broader than that of SPA source, the former has higher speckle contrast. Therefore, the relative phase relations shows significant impact on speckle contrast, and chaotic phase relations could be more advantageous in reducing speckle than just a broad spectrum. The experimental results achieve qualitative agreement with our simulation results. Thus, this method provides a reliable approach to describe the characteristics of speckle pattern caused by broadband light carrying phase information. In addition, since the speckle contrast is positively proportional to comprehensive spatiotemporal optical coherence [14] , it is possible to measure the coherence of partially coherent light with this thorough method.
Theory
Herein, ignoring the interference and coupling effects between different polarization modes, we could simplify the simulation of the optical coherence in one polarization state. Speckle is derived from the coherent superposition of random wavelets generated by a rough surface from a light source as shown in Fig. 1 .
U i (x 0 , y 0 , λ) denotes the complex amplitudes of the light field emitted on plane x 0 y 0 of scattering screen from the light source, U o (x 0 , y 0 , λ) denotes the complex amplitudes of the scattered light field distribution from scattering screen, and U (x, y, λ) denotes the optical wave field propagating to plane xy of the observation screen after passing distance z.
Taking m photons in each wavelength into consideration, we decompose the light field distribution at a single wavelength in different photon states, which can be expressed as The scattered field is generated by wavelets formed on the scattering surface that are radiated at random locations with a random initial phase. In the numerical simulation, the scattered field of m-th photon can be expressed by
where φ m (x 0 , y 0 , λ) is a random phase matrix and A m (x 0 , y 0 , λ) is a random amplitude matrix, which are both caused by m-th photon emitted on the scattering screen. It is proved that wavelength change causes phase shift and light field variation, since the phase of the k-th scattered wave φ k (x 0 , y 0 , λ) = 2πs k /λ (s k is the additional optical path length that the scattering object brings to the k-th scattered wave), which is inversely proportional to wavelength λ [15] . Wavelength change also leads to the movement of the speckle pattern because the diffraction angle θ d = ρλ (ρ is the aperture size limit), which is positively proportional to wavelength λ. The phase shift φ k (x 0 , y 0 , λ) could be considered as an additional phase factor corresponding to the spectrum of the light source in the phase matrix φ m (x 0 , y 0 , λ). The diffraction angle θ d could cause the movement of speckle pattern. In the simulation, it means that the element in the amplitude matrix A m (x 0 , y 0 , λ) will move relates to the wavelength. This effect would be contained into the amplitude matrix A m (x 0 , y 0 , λ) in our simulation.
Therefore, the thorough scattered field U o (x 0 , y 0 , λ) at single wavelength can be expressed as
where h (x 0 , y 0 ) is a wavelength-independent random height matrix of scattering screen and 2h (x 0 , y 0 ) denote the optical path length produced by scattering screen at position (x 0 , y 0 ).ϕ m (x 0 , y 0 , λ) is a phase matrix relates to the relative phase relations among wavelengths. According to angle-spectrum diffraction theory, the relationship between the complex amplitudes of the optical wave field from the scattering screen to the observation screen in the Fraunhofer diffraction zone can be expressed by
where F {} denotes the spatial Fourier transform. The speckle generated by the broadband light can be considered a sum of single-frequency light-generating speckles since different wavelengths cannot be coherently superimposed. By substituting Eqs. (4) and (5) into Eq. (6), we can obtain Eq. (7) as the complex amplitudes of the light wave distribution on the observation plane xy. This is the final formula used to simulate 3-D speckle pattern.
A CCD will be used to collect speckle patterns. Due to the influence of light intensity, a single light point may expand to a small bright spot when received on the CCD. Therefore, the response of CCD should be considered as well. The last parameter H in Eq. (7) represents an adjustable response matrix of the CCD. This response matrix H is used to reflect this change from a light point to the bright spot.
The random height matrix h (x 0 , y 0 ) could derive from the real viewing screen used in the experiment. However, since it is difficult to define the random factors directly, the two matrixes ϕ m (x 0 , y 0 , λ) and A m (x 0 , y 0 , λ) are adjustable. It is worth noting that since the diffraction angle is positively proportional to the wavelength, the elements in A m (x 0 , y 0 , λ) will move according to the change in wavelength. This amplitude matrix for each wavelength is not completely random.
Simulation and Experiment
The random height matrix h (x 0 , y 0 ) for our simulation is derived from a coarse white metal viewing screen used in the experiment and measured by surface topography. As shown in Fig. 2 , its arithmetical mean height S a = 3.307 μm, root mean square deviation S q = 4.191 μm and maximum height of profile S z = 38.231 μm.
To compare the coherence of light with the locked and chaotic phase relationship, we construct two light sources. The first is the SPA system mentioned in Ref. [16] . The second is an MLL with the seed source mentioned in Ref. [17] and amplified according to the theory mentioned in Ref. [18] . The original spectra of these two light sources are manifested in Fig. 3(a) . The SPA light attains 6.5-nm bandwidth at central wavelength of 1062 nm, and the MLL light attains 21-nm bandwidth at 1031 nm. Then, we use filters to limit the spectral width of both light sources to 3 nm, and the limited spectra are given in Fig. 3(b) . Based on these two light sources, we can numerically simulate and experimentally verify the effect of spectral width and phase information on optical coherence. Figure 4 shows the measured and simulated speckle patterns of SPA and MLL light without filters. The diffuse reflected light of the white metal viewing screen which is shown in Fig. 2 is received by the CCD to form speckle patterns.
The measured speckle patterns are shown in Fig. 4(a) and Fig. 4(b) . Meanwhile, the numerically simulated speckle patterns of SPA and MLL light can be obtained by substituting the spectra in Furthermore, the simulated and measured speckle patterns of SPA and MLL light with filters are shown in Fig. 5 .
It can be determined from Figs. 4 and 5 that the speckle patterns of SPA light seem smoother and the noise size seems smaller than the speckle pattern of MLL light. Moreover, the simulated speckle patterns are in good agreement with the measured speckle patterns. These results indicate that our method achieves qualitative agreement with the experiments. We could obtain the speckle characteristics through its statistical results clearly.
When obtaining the speckle contrast C from the speckle pattern directly, it can be expressed as
where I (x, y) is the light intensity of the speckle pattern on plane xy and σ 1 is the standard deviation of light intensity. To reduce the impact of the surrounding light, we adopt 64 * 64-pixel small piece in each speckle pattern to calculate the statistical results, including speckle contrasts. The results for SPA and MLL light without filters are shown in Fig. 6 . Figure 6 (a) and (b) show the measured and simulated light intensity of selected small pieces, respectively. Figure 6 (c) shows the statistical results include peak-to-peak value, standard deviation, root mean square, and speckle contrast of measured and simulated speckle patterns. Figure 6 manifests that in the case without filters, the measured speckle contrast of SPA is 0.13, which is nearly 1/3 of the speckle contrast of the MLL (0.32). We can infer that SPA light speckle has a smoother structure. The chaotic phase relations produces more cluttered scattering fields which smooths its structure. As a result, the speckle caused by the SPA source attains lower speckle contrast.
The lower speckle contrast of the SPA source in both cases indicates lower optical coherence. Therefore, we can infer that the coherence of an SPA source with 6.5-nm bandwidth is lower than that of an MLL source with 21-nm bandwidth. This result shows that the phase relationship has a significant impact on speckle contrast and optical coherence. The chaotic phase relations could be more advantageous in reducing coherence than just a broad spectrum. Figure 7 manifests the simulated and measured speckle intensities and statistical results of SPA and MLL light with filters. When the spectra of the two light sources are both limited to 3 nm, the speckle contrast rises to 0.24 for SPA and 0.44 for the MLL light. The lower speckle contrast also indicates lower coherence for SPA light.
The experimental results are all compared with the simulated results in two cases. In the case without filters, our simulated speckle contrasts are respectively 0.13 and 0.31 for SPA and MLL light (0.13 and 0.32 in the experiment). Meanwhile, the simulated speckle contrasts with filters are 0.23 and 0.45, respectively (0.24 and 0.44 in the experiment). The similar statistical results indicate that the 3-D speckle patterns obtained from our numerical simulation achieve qualitative agreement with the experimental results in both cases with and without filters.
The calculated speckle contrasts with Eq. (1) using the actual measured spectra in the cases with and without filters are shown in Fig. 8 comparing to measured results. Significant error exists between them. The calculated speckle contrast is obviously positively proportional to the spectral width, while the measured speckle contrast is affected by the phase relations more seriously.
Therefore, due the consideration of spectral width, spectral shape and phase information, our method could obtain more accurate results for speckle contrast when considering broadband light carrying phase information. Considering the speckle contrast is positively proportional to optical coherence, this thorough method could also be used to analyze the coherence of partially coherent light. Figure 8 also shows a significant error between the speckle contrasts with and without filters for both two light sources. This error comes from the effect of different wavelengths on speckle pattern. It is proved that the wavelength change could cause a phase shift φ k = 2πs k /λ and a diffraction angle shift θ d = ρλ [15] , which also have been considered in our simulation. The phase shift φ k is inversely proportional to wavelength and diffraction angle θ d is positively proportional to wavelength. It means that when the wavelength varies, it will correspond to a certain range of phase shift and diffraction angle variations. The speckle of a broadband light source could be regarded as a superposition of speckles produced by a plurality of monochromatic light. Thus for a broadband light source, the varying phase shift superimposed on the phase information will smooth the chaos of phase. Meanwhile, the diffraction angle will causes the movement of speckle pattern. A longer wavelength corresponding to a more significant movement since the diffraction angle is positively proportional to wavelength. Therefore, for a broadband light source, the varying diffraction angle superimposed on the speckle will smooth its amplitude. Considering that different wavelengths could homogenize the speckle to a certain extent, a narrow spectral light source will have a weaker homogenization effect on the speckle than a broad spectrum light source due to the narrower wavelength range. This weaker homogenization effect causes the higher speckle contrast for narrow bandwidth light source. The bandwidths of both two light sources after adding the filters are significantly reduced, so higher speckle contrasts are observed with filters.
Moreover, from the measured results of Fig. 8 we can clearly observe that the speckle contrast of SPA is lower than that of MLL no matter with or without filters. The chaotic phase relations among the wavelengths of SPA enhances the chaos of speckle field's phase and amplitude. It is equivalent to a superposition of speckles produced by a large number of beams with different phases. This superposition effect reduces the speckle contrast of SPA to some extent. Therefore, the degree of chaos in the phase relations is inversely proportional to the speckle contrast. Light source with locked phase relations will produce a higher speckle contrast while the chaotic phase relations will produce a relatively lower speckle contrast.
Conclusions
In summary, we have presented a thorough method combine spectral width, spectral shape and relative phase relations among wavelengths to numerically simulate speckle pattern caused by partially coherent light. In addition, we utilized two light sources, i.e., an MLL and an SPA, to analyze and verify the speckle pattern under the case of locked and chaotic phase relations. It is proved that the speckle contrast of SPA light is lower than MLL light even when the former has a narrower bandwidth (6.5 nm for SPA light and 21 nm for MLL light). Our results indicate that chaotic phase relations among the wavelengths is more conductive to get a smoother speckle pattern and a lower speckle contrast. The experiment results are in qualitative agreement with our simulation results, while the results without considering phase relations attain significant error. This comparison shows that our method is a reliable solution for simulate the speckle pattern caused by broadband light source carrying phase information. Since the speckle contrast is positively proportional to optical coherence, it is also possible to analyze the coherence of partially coherent light through this method.
